The recently identified arenavirus Lujo virus (LUJV) causes fatal hemorrhagic fever in humans. We analyzed its mechanism of viral release driven by matrix protein Z and the cell surface glycoprotein precursor GPC. The L domains in Z are required for efficient virus-like particle release, but Tsg101, ALIX/AIP1, and Vps4A/B are unnecessary for budding. LUJV GPC is cleaved by site 1 protease (S1P) at the RKLM motif, and treatment with the S1P inhibitor PF-429242 reduced LUJV production.
T he family Arenaviridae is divided into Old World (OW) and New World (NW) arenaviruses on the basis of the results of geographical, serological, and phylogenetic analyses. The OW arenaviruses include Lassa virus (LASV), the causative agent of Lassa fever, which is endemic to West Africa and has been estimated to infect several hundred thousand individuals annually. The OW arenavirus Lujo virus (LUJV) was associated with a fatal outbreak of hemorrhagic fever in South Africa in 2008. The first patient was transferred from Zambia to South Africa, and four of five patients died (1) . LUJV represents a new member of the family Arenaviridae and is the second OW arenavirus reported to cause hemorrhagic fever (1) (2) (3) . Arenaviruses are enveloped viruses with bisegmented negative-strand RNA genomes consisting of L and S segments. The L segment encodes viral matrix protein Z and RNA-dependent RNA polymerase L, while the S segment encodes nucleoprotein NP and the cell surface glycoprotein precursor GPC in the opposite direction (2) . Whole-genome sequence data revealed a unique placement of LUJV among currently known arenaviruses, predicting altered pathogenesis and replication strategies (3) . The alignment of LUJV Z is especially unique, as it possesses PT/SAP and YREL sequences, which are known as L-domain motifs critical for virus budding in other viruses and are not conserved among other arenaviruses (4) . In addition, although LUJV belongs to the OW arenaviruses, phylogenetic analysis showed that LUJV GPC shows sequence similarity to NW arenaviruses. Interestingly, a recent study showed that the GP-mediated cell entry of LUJV utilizes mechanisms different from those of both OW and NW arenaviruses (5). These observations prompted us to analyze the late stage of LUJV replication, driven by Z and GPC. As the late step of the LUJV life cycle in the cell has not been characterized, we examined the molecular mechanism of LUJV assembly and budding.
First, we examined whether the putative L domains within LUJV Z have roles in virus-like particle (VLP) production. The L domain is a short amino acid motif that interacts with cellular factors to facilitate the budding process (4, 6, 7) . There are three well-characterized L-domain motifs, PT/SAP, PPxY, and YPXnL (or YxxL), that interact with Tsg101 (8), Nedd4-like E3 ligases (9) (10) (11) (12) (13) (14) , and ALIX/AIP1 (15) (16) (17) (18) (19) , respectively. The roles of L domains in arenavirus budding have been well characterized (20) (21) (22) . LUJV Z possesses the YREL motif, which is not conserved in other arenaviruses, and a PSAP motif at the C terminus (Fig. 1A ) (4) . LUJV Z also possesses the YLCL (YxxL) motif in the RING domain, similar to other arenavirus Z proteins (4) . First, we focused on the roles of the YREL and PSAP motifs, which are located at the C terminus of LUJV Z, in VLP production. The LUJV Z-encoding gene, with a hemagglutinin (HA) tag at the C terminus of Z, was inserted into the pCAGGS plasmid (23) to construct pC-LUJV-Z-HA. Three mutant forms with alanine substitutions within the L domains were constructed (YREL-AAEL, YREL-YRAA, and PSAP-AAAA) (Fig. 1A) . The wild type (WT) and all of the mutant forms were transfected into 293T cells. At 48 h posttransfection, Z expression in cells and VLP fractions was examined as described previously (24, 25) . Samples were separated by SDS-PAGE, followed by Western blotting (WB) to detect Z with an anti-HA antibody (6E2; Cell Signaling Technology, Danvers, MA). All L-domain mutants showed significantly less VLP production than the WT (Fig. 1B) , suggesting the importance of the YREL and PSAP motifs within LUJV Z for VLP production. Labeling with an anti-actin antibody (A1978 clone AC-15; Sigma, St. Louis, MO) was used as a loading control. Previously, we and other groups showed that the YLCL motif of Tacaribe virus (TCRV) Z does not play a role in VLP production (24, 26) . As LUJV Z also possesses the YLCL motif in the middle of the Z protein, we next examined whether the YLCL motif in LUJV Z plays a role in VLP production. We constructed another plasmid containing AAAA instead of YLCL (YLCL-AAAA) (Fig. 1A) , which we transfected into 293T cells as described above to examine the efficiency of VLP production. The normalized results showed that there was no significant reduction in VLP production compared to that of the WT control (Fig. 1C) .
To further examine whether the defects in VLP production induced by either the YREL or the PSAP mutation were due to protein misfolding, we investigated the inhibitory effects of these Z mutations on arenavirus genome replication/transcription. Al-though it is not known whether LUJV Z protein affects lymphocytic choriomeningitis virus (LCMV) genome replication/transcription, we used the LCMV minigenome (MG) system for these experiments (27) . NP and L are known to be sufficient for arena- and/or ALIX/AIP1 were depleted by siRNA treatment, and their effects on LUJV (A) or LASV (B) Z-mediated VLP production were examined. Endogenous Tsg101 and ALIX/AIP1 were detected with specific antibodies. The LUJV and LASV Z proteins were detected with anti-FLAG antibody. Normalized Tsg101 and ALIX protein levels are shown at the bottom. (C, D) LUJV and LASV VLPs produced by pC-LUJV-Z-FLAG or pC-LASV-Z-FLAG with overexpression of DN (Vps4AEQ and Vps4BKQ) and WT Vps4A/B forms were examined by WB. Overexpressed DN and WT forms of Vps4A/B, LUJV Z, and LASV Z were detected with anti-FLAG antibody. Normalized VLP production (VLPs per cell) is shown on the right. Actin (used as a loading control) was also detected in the experiments whose results are shown in panels C and D. The data shown are averages and standard deviations of three independent experiments. virus genome replication/transcription (27) . BHK-21 cells were cotransfected with pC-LCMV-NP, pC-LCMV-L, and pPol-I-LCMV-SmCherry, which is the expression plasmid for the artificial S segment encoding mCherry together with the expression plasmid for WT or mutant Z. At 48 h posttransfection, the numbers of cells expressing mCherry were determined by BZ-X700 (Keyence, Osaka, Japan). As expected, the expression of LCMV Z significantly reduced the number of mCherry-positive cells, indicating inhibition of MG expression by LCMV Z (Fig. 1D) (28-30) . In addition, LUJV Z expression also reduced the number of mCherry-positive cells to approximately one-third of that of the control. Similarly, both the PSAP-AAAA and YREL-AAEL mutations reduced the number of mCherry-positive cells, suggesting that the loss of VLP production capability in these mutants was not due to overall protein misfolding. On the other hand, the inhibitory effects of the YREL-YRAA and YLCL-AAAA mutations were not significant. The YLCL motif is located in the RING finger domain. Therefore, introduction of a mutation into this motif would affect the role of Z in viral gene transcription/replication. The weak inhibitory effect of YREL-YRAA may have been due to the lower expression level in the cells (Fig. 1B) .
Next, we examined whether Tsg101 (21, 25) , ALIX/AIP1 (31), and Vps4A/B (24, 25) are involved in LUJV VLP production. 293T cells were pretreated with small interfering RNA (siRNA) (200 nM) against Tsg101 (8, 25) and/or ALIX/AIP1 (31). At 1 day after siRNA transfection, cells were transfected with the same siRNAs (100 nM) and pC-LUJV-Z-FLAG. At 48 h after the second transfection, VLPs and cell lysates were collected and proteins were detected by WB. Endogenous Tsg101 and ALIX/AIP1 expression was detected with polyclonal antibodies GTX118736 (GeneTex, Irvine, CA) and ab76608 (Abcam, Cambridge, United Kingdom), respectively. The normalized Tsg101 and ALIX/AIP1 protein expression levels based on the bands seen on WB analysis are indicated at the bottom of Fig. 2A and B. To examine the role of Vps4A/B in LUJV Z-mediated VLP production in 293T cells, pC-LUJV-Z-FLAG was transfected with dominant negative (DN) forms of Vps4A/B (Vps4AEQ and Vps4BKQ) or WT Vps4A/B (Vps4A and Vps4B), and at 48 h posttransfection, VLPs and cell lysates were collected and proteins were detected by WB. As both the DN and WT forms of the Vps4A/B plasmids possess the FLAG tag at the N terminus (32), the expression of both the WT and DN forms of Vps4A/B and LUJV Z was detected with an anti-FLAG antibody (M2; Sigma) ( Fig. 2C and D) . Tsg101 and ALIX/AIP1 knockdown by siRNA and overexpression of DN forms of Vps4A Schematic representation of the LUJV, LASV, and JUNV GPC cleavage site. The consensus sequence for S1P/SKI-1 cleavage is also shown. (B) 293T cells were transfected with plasmid pC-LUJV-GPC-FLAG or mutant forms thereof with RKLM changed to AAAA or RRRR. GPCs were detected with anti-FLAG antibody. Actin (used as a loading control) was also detected. (C) 293T cells were transfected with pC-LUJV-GPC-FLAG and treated with increasing concentrations of PF-429242 (0, 10, or 30 M). At 48 h posttransfection, cell lysates were collected and the protein was detected by WB. Actin (used as a loading control) was also detected. (D) WT and mutant forms of LUJV GPC were analyzed for cell surface expression. Total cell lysate (top) and a cell surface biotinylated sample (bottom), pulled down by avidin beads, are shown. LASV Z⌬1 was used as a negative control. (E and F) GPC cleavage is important for its incorporation into VLPs. 293T cells were transfected with pC-LUJV-Z-HA, together with pC-LUJV-GPC-FLAG or its mutant forms, and at 48 h posttransfection, cell lysate and VLP fractions were analyzed by WB (E). 293T cells were transfected with pC-LUJV-Z-HA, together with pC-LUJV-GPC-FLAG, and at 6 h posttransfection, the culture medium was replaced with fresh medium containing increasing amounts of PF-429242 (0, 1, 10, or 30 M). At 48 h posttransfection, cell lysate and VLP fractions were collected and the prepared samples were analyzed by WB (F). (G) Vero cells, which were seeded at 100% confluence, were infected with infectious LUJV at an MOI of 0.1, and the culture medium was replaced with fresh medium containing 30 M PF-429242 at 1 h postinfection. After 48 h of incubation, the culture media were collected and infectious titers of LUJV were determined by the procedure described in the text. RNA was also extracted from the culture media for quantitative RT-PCR targeting the NP gene (S segment) to quantify LUJV genome copy numbers. Cell viabilities following the same treatment except virus infection are also shown at the bottom. TCID50, 50% tissue culture infective doses; DMSO, Dulbecco's modified Eagle's medium. and Vps4B reduced LASV Z VLP production, while overexpression of WT Vps4A/B did not affect LASV Z VLP production ( Fig.  2B and D) (25) . However, LUJV VLP production was not affected by any of these treatments ( Fig. 2A and C) , indicating that LUJV Z does not utilize these host factors for budding. These data suggest that LUJV utilizes mechanisms for budding that are different from those of other arenaviruses.
Next, we focused on the molecular mechanisms of action of GPC at the late stage of the virus life cycle. Phylogenetic analysis showed that LUJV GPC is located at similar distances between OW and NW arenaviruses (3). Alignment of LUJV GPC showed a potential S1P/SKI-1 cleavage site at RKLM (Fig. 3A) . pC-LUJV-GPC-FLAG, with a FLAG tag at the C terminus of LUJV GPC, was constructed to detect both GPC and GP2 with an anti-FLAG antibody. To examine the role of the RKLM motif in GPC cleavage, two GPC mutant plasmids with RKLM replaced with AAAA or RRRR were constructed. Although GP2 was detected in the WT, no GPC cleavage products were observed in either mutant, suggesting that the RKLM motif is important for GPC cleavage (Fig.  3B) . Next, to examine whether LUJV GPC is cleaved by site 1 protease (S1P/SKI-1), similar to other arenavirus GPCs (33) (34) (35) , PF-429242 (catalog number 3354; Tocris Bioscience, Bristol, United Kingdom), a small chemical compound inhibitor of S1P/ SKI-1, was used (36, 37) . LUJV GPC cleavage was dose-dependently inhibited by PF-429242 in 293T cells (Fig. 3C) . We also examined whether LUJV GPC cleavage affects GP transport to the cell surface. 293T cells were transfected with expression plasmids for WT or mutant GPCs. At 48 h posttransfection, the culture medium was replaced with fresh medium containing 0.25 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (catalog number 89881; Thermo Scientific, Waltham, MA) and incubated for 30 min on ice for cell surface protein biotinylation, followed by isolation of biotinylated proteins according to the manufacturer's protocol. LASV Z⌬1, a deletion mutant form of LASV Z lacking amino acids 3 to 10 preventing it from attaching to the cell membrane because of the defect in its myristoylation (32) , was used as a negative control. The levels of WT and mutant GPC expression in cells were similar (Fig. 3D, top) . WT and mutant GPCs were efficiently biotinylated, while LASV Z⌬1 was weakly biotinylated (Fig. 3D, bottom) , indicating that GPC cleavage is unnecessary for cell surface GPC transport. We examined whether GPC cleavage affected the incorporation of GP into Z-mediated VLPs. When WT or mutant GPC and Z were coexpressed in 293T cells, uncleaved GPCs were not incorporated into VLPs (Fig. 3E) (38) . Furthermore, GP incorporation into VLP was markedly reduced by treatment with 10 or 30 M PF-429242 (Fig. 3F) . These results suggest that GPC cleavage is important for incorporation of GP1/GP2 (cleavage products of GPC) into VLPs. We next examined whether PF-429242 inhibits LUJV propagation. Vero cells were infected with LUJV at a multiplicity of infection (MOI) of 0.1 in the presence or absence (Dulbecco's modified Eagle's medium) of PF-429242 (30 M) in a biosafety level 4 laboratory. After 2 days of incubation, culture media were collected. The 50% tissue culture infective dose was determined by endpoint dilution assay and the Spearman-Karber calculation. Briefly, an initial 1:5 dilution and subsequent 10-fold dilutions of the culture media were used to infect Vero cell monolayers in quadruplicate in the wells of a 96-well plate. At 10 days postinfection, the cells were fixed with 80% ice-cold acetone. The fixed cells were then stained with mouse anti-LUJV IgG for 60 min at 37°C; this was followed by incubation with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA) for 60 min at 37°C. In addition, the viral genome copy number was determined by real-time reverse transcription (RT)-PCR with a OneStep SYBR PrimeScript RT-PCR kit (TaKaRa, Kyoto, Japan) and a LightCycler 480 (Roche, Penzberg, Germany) for virion RNA extracted from the culture media with specific primers targeting the S segment (5=-TCGGGGTGCCCATACCAAT C-3= and 5=-AAGCCAGAGGCCCTGGAGTC-3=). PF-429242 treatment markedly reduced LUJV production, as measured by both LUJV infectious titer and genome copy number, suggesting that S1P/SKI-1 may be a good antiviral target for LUJV, as suggested for LASV and Junin virus (JUNV) (Fig. 3G) (36, 37) . Cell viabilities under these experimental conditions were examined by CellTiter-Glo Luminescent Cell Viability Assay (G7570; Promega, Madison, WI). There was no significant cell toxicity under these experimental conditions, indicating that the decrease in LUJV production was not due to cell toxicity of PF-429242 treatment (Fig. 3G) .
In summary, L domains in LUJV Z are required for efficient VLP release, but the requirements of cellular factors for LUJV Z-mediated budding are different from those for LASV Z-mediated budding. In addition, treatment of LUJV-infected cells with the S1P inhibitor PF-429242 decreased virus production in vitro because of the involvement of S1P in GPC cleavage.
